We present measurements of the supercontinuum emission (SCE) from ultrashort Ti:Saph laser pulse filamentation in air in a tightly focused geometry. The spectral broadening of SCE indicates that peak intensities exceed the clamping value of a few 10 13 W/cm 2 obtained for filamentation in a loose focusing geometry by at least one order of magnitude. We provide an interpretation for this regime of filamenation without intensity clamping. 202, 189-197 (2002 
Introduction
Ultrashort laser pulse filamentation is now widely known as a propagation regime in the form of a narrow intensity peak surrounded by a large energy reservoir allowing both for continuous reconstruction of the hot core by an energy flux from the periphery [1] and for intense laser matter interaction over long distances compared to the Rayleigh length of the peak [2] . Tuning this interaction would not only benefit to fundamental science as recently proposed from the analogy between filamentation and gravitation [3] , but also open the way to applications such as the generation of secondary sources of radiation [4] [5] [6] . In this paper, we investigate filamentation in air in a tight focusing geometry and show that the peak intensity exceeds the usual value of 10 13 W/cm 2 by 2 orders of magnitudes.
We use thoughout this work the general definition proposed in Ref. [2] which states that the terms of filaments and filamentation denote a dynamic structure with an intense core, that is able to propagate over extended distances much larger than the typical diffraction length while keeping a narrow beam size without the help of any external guiding mechanism. This definition includes various filamentation regimes from filaments without plasma channels in loose focusing geometry [7] [8] [9] to small scale filaments obtained with large numerical apertures [10, 11] . Among other remarkable features, filamentation is also associated with supercontinuum emission (SCE) covering the visible spectral region and extending towards the infrared wavelengths. A recent work showed that the energy content of the SCE can by enhanced above the millijoule level, opening the way to post-compression of multi-terawatt laser pulses [12] . In a loose focusing geometry, the highest intensity in a filament is clamped by nonlinear effects including multiphoton absorption and plasma defocusing [13, 14] . A criterion characterizing intensity clamping was proposed by Liu et al. from measurements of the supercontinuum spectrum of an intense femtosecond laser pulse propagating in condensed optical media: intensity clamping was shown to limit plasma-enhanced self-phase-modulation, resulting in a constant frequency upshift bounding the supercontinuum spectrum of an ultrashort laser pulse undergoing filamentation when the pulse energy is increased [13] .
Recent numerical simulations indicated that third harmonic generation within filamentation permit refocusing processes with intensity spikes exceeding the clamping value by a factor of three [15, 16] . Simulations and experiments in a tightly focused geometry suggested that a new filamentation regime exists for which initial focusing plays the main role in the determination of [10] . In this paper, we present measurements of the supercontinuum spectrum of an intense Ti:Saph laser pulse undergoing filamentation in this novel tight focusing regime. We show that spectral broadening does not fulfil the Liu et al. criterion and we model the suppression of intensity clamping when NA is increased.
Measurements of Supercontinuum Emission in air
In the experiment, collimated 800 nm, 45 fs pulses from a Ti:Sapphire laser (Thales Laser, Alpha 10, operated at 10 Hz repetition rate) were tightly focused in air using an off-axis parabolic mirror with a focal length of 16 cm. The input beam diameter was 30 ± 1 mm (1/e 2 ) before the focusing element, leading to an f /6 focusing geometry. The alignment of the parabola was carefully checked both at low intensity from the focal spot size of 12 ± 2 μm and at high pulse energy from the circular symmetry of supercontinuum emission. Longitudinal high-resolution images of complete filaments formed by individual pulses in a single frame were monitored in the focal region of highly converging focusing elements as in Ref. [10] . These images showed competition between small scale filaments of various diameter and intensities, extending radially over a 200 μm FWHM diameter spot. After the interaction region, SCE was collected by a silica lens and monitored by a CCD coupled spectrometer (S2000, Ocean Optics). A set of calibrated neutral density filters were placed in front of the spectrometer to avoid saturation. SCE spectra were collected for 256 shots to reduce the noise from pulse to pulse fluctuations. The energy input laser pulse energy was measured by means of a powermeter (Gentec). The experiments were done for linear (LP) and circularly polarized (CP) pulses. Fig. 1 . Typical supercontinuum emission spectrum from the propagation of a linearly polarized (LP) and a circularly polarized (CP) 45 fs laser pulses in air at an input power of ∼ 100 GW focused by using f /6 focusing geometry. The inset shows the ratio between the spectral intensities of the CP and LP pulses. Figure 1 shows typical SCE spectra for LP and CP pulses tightly focused in air for an input power of 100 GW. SCE spectra exhibit a blueshift from the fundamental wavelength that increased with increasing input power. The spectral intensity of SCE observed with CP pulses is smaller than that with LP pulses in the range 400-600 nm and larger in the range 600-750 nm. This observation is consistent with the fact that LP pulses induce ionization of air at a higher rate than CP pulses with the same energy, which in turn leads to higher plasma enhanced self-phase modulation and a stronger blueshift [17] . Fig. 2 . Minimum wavelength of the supercontinuum emmission collected with an off-axis parabola in f /6 focusing geometry for LP and CP pulses. Figure 2 shows the power dependence of the minimum cutoff wavelength λ min of the SCE for LP and CP pulses. The minimum wavelength decreases monotonically when the pulse power increases for both polarization states. Therefore, according to the criterion proposed by Liu et al. [13] which links intensity clamping to a constant cutoff of SCE, we conclude that no intensity clamping was observed up to input powers of 60 P cr with a f /6 focusing geometry, where the critical power for self-focusing P cr = 3 GW denotes a reference value calculated with the nonlinear index coefficient n 2 = 3.2 × 10 −19 cm 2 /W [2] . We estimated a lower bound for the peak intensities from the 200 μm width of the energy reservoir. The intensity corresponding to 50 P cr is 2.5 × 10 14 W/cm 2 , while the standard clamping value in air is a few 10 13 W/cm 2 [2] . Small scale filamentation was observed around the focal plane, indicating the presence of even larger peak intensities than those inferred from the homogeneous 200 μm beam. This means that the peak intensity for a small scale filament in a tight focusing configuration largely exceeds the clamping value.
Modeling of filamentation at high numerical apertures
In order to clarify the scenario of filamentation without intensity clamping, we consider the nucleation of a single small scale filament from the 200 μm large energy reservoir and neglect the interaction between filaments. Following Refs. [2, 18] , the filament is described by beam characteristics, i.e. by the filament width w(z), power P(z), and peak intensity I(z) ≡ 2P(z)/πw 2 (z), the evolution of which is governed by:
Equation (1) describes the power losses due to multiphoton absorption (MPA) with coefficient β K = 10 −94 cm 13 W −7 and K = 8 denotes the number of photons involved in multiphoton ionization (MPI). For simplicity, the model for MPA and MPI considers air as a single species gas. A comparison with a two species model (oxygen and nitrogen) showed that this approximation is good even when full ionization occurs [10] . Equation (2) Compared to the original system of equations derived in [2, 18] , Eqs. (1) and (2) are simplified since only the pulse time slice with maximum intensity is considered, while still including the essential ingredients for explaining the absence of intensity clamping. The coefficients of nonlinear effects (P −1 cr ∝ n 2 , β K ) proportional to the density of non-ionized atoms in the medium, i.e., all physical effects described by Eqs. (1) and (2) except diffraction are switched off when the peak intensity exceeds the intensity threshold I th ≡ (σ K T p ) −1/K 4 × 10 13 W/cm 2 corresponding to full ionization of air with rate σ K = 3 × 10 −96 s −1 cm 16 W −8 . Equations (1) and (2) were integrated by a standard Runge Kutta solver for ordinary differential equations with adaptative steps. Figure 3 shows the beam characteristics for a typical filament obtained in loose focusing geometry. In the initial stage (z < 2 m), self-focusing enhanced by lens focusing dominates. A competition between self-focusing, multiphoton absorption and plasma defocusing then takes place as indicated by the oscillations of the beam curvature C = w −1 dw/dz [ Fig. 3(a) ], peak intensity [ Fig. 3(c) ] and filament width [ Fig. 3(d) ] over ∼ 15 m (tens of Rayleigh lengths z 0 = 15.7 cm calculated for a 200 μm width) while the power monotonically decreases due to air ionization [ Fig. 3(b) ]. In the final stage (z > 16 m), the beam diffracts. During the filamentation stage (2 < z < 16 m), the curvature induced by self-focusing never exceeds 2 m −1 and can be easily compensated by that induced by plasma defocusing. The maximum plasma density (not shown) always corresponds to a weakly ionized gas. The peak intensity remains below a clamping value which does not exceed a few 10 13 W/cm 2 in agreement with numerous simulations and observations [2] and with the criterion of a constant lower bound of the supercontinuum spectrum [13] . The results are significantly different for a tight focusing geometry. Figure 4 shows the beam characteristics for a numerical aperture of about 0.11, as in the experiment, over ∼ 4 mm around the focus. Due to initial focusing, air becomes fully ionized 600 μm before the focus and the beam curvature is still much larger than that induced by plasma defocusing, as indicated by a comparison of the curvatures in Figs. 4(a) and 3(a) which shows a maximum ratio of 10 4 . In tight focusing geometry, the competition between plasma defocusing and self-focusing no longer plays a significant role in intensity clamping. The leading part of the pulse is sufficiently intense to singly ionize all oxygen and nitrogen molecules. The intense part of the pulse then sees a fully ionized plasma channel with quasi flat radial profile, making plasma defocusing inefficient. Plasma absorption remains significant. The intensity exceeds 10 15 W/cm 2 over ∼ 1.2 mm, i.e. more than 8 Rayleigh lengths. Consequently, a filamentation regime without intensity clamping, close to a breakdown regime, is easily reached with large numerical apertures.
Numerical results

Conclusion
In conclusion, we have shown that for tight focusing geometries, ultrashort laser pulse filamentation in air does not lead to the standard intensity clamping regime or to a constant minimal cutoff wavelength for the SCE. Previous works demonstrated that external focusing strongly influences the plasma density and the diameter of femtosecond filaments in air and provided measurements of the plasma density up to 2 × 10 19 cm −3 (ionization degree of 0.8) for a numerical aperture of NA=0.11 [11, [19] [20] [21] . Our experiments showed that associating higher pulse energies and a tight focusing geometry leads to a new regime where air is fully ionized and small scale filaments at peak intensity above the clamping value are obtained. We provided a model for the nucleation of a single filament from the energy reservoir valid for small as well as large NA where the main features of filamentation without intensity clamping are reproduced. The model shows that the very high initial curvature of the beam leads to full ionization of the medium, which in turn prevents plasma defocusing to play a significant role in intensity clamping. Although much shorter than in a loose focusing geometry, small scale filamentation was observed over tens of Rayleigh lengths corresponding to the beam waist [10] .
